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Abstract: We investigated the use of the Modulated Differential Scanning Calorimeter to measure

thermal conductivity (K) of the explosive, Tetryl, using two different methods, isothermal and non-

thermal.  A discussion of our methods and a comparison of our measured values to literature

values of K for Tetryl, which deviated by as much as 50%, will be presented.

(Key Words: thermal conductivity; apparent heat capacity; isothermal; non-isothermal; MDSC)

1. Introduction

Computational models to predict violent and non-violent reactions in high explosives are

becoming important. Lawrence Livermore National Laboratory (LLNL) has developed
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computer codes and material models to simulate time temperature dependence of

energetic materials to aid in the prediction for cook off events [1]. Evaluating a material

and its properties are important for various reasons. The ease at which heat is transferred

by a material can be of great importance and have a major impact on the material’s use,

stability and ultimately its safety. Materials such as high explosives generally do not

conduct well and often are compared to insulator like materials, while metals and the like

are considered conductors because of their efficiencies in conducting or transporting

energy. Conductors [2] typically have thermal conductivities in the range of 10-400 W˚C-1

m-1, while insulators have thermal conductivities in the range of 0.2 to 2 W˚C-1 m-1 .

Textbook and literature values are useful references to experimenters but are often given

as single values at ambient temperatures. Information such as this does not always suffice

for experiments such as thermal cook-off where a dynamic temperature range is involved.

Here we measure the energetic material, Tetryl, and observe the thermal property thermal

conductivity, K.

Thermal modeling is becoming an accepted method of predicting the behavior of

materials and often real experimental data is needed to feed these sophisticated models.

2. Theory

Modulated DSC (MDSC) is a well-known technique [3], which provides not only the

same information that conventional DSC does, but also provides information not

available from conventional DSC [4], such as the simultaneous measure and

separation of the reversible and non-reversible heat components. Heat capacity is

calculated in MDSC based on Discrete Fourier Transformation [5] where the
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difference in the measured amplitudes of the sample and heat flow modulation is

compared to a reference sine wave of the same frequency [3]. The information

acquired by MDSC often allows experimenters to increase their knowledge of

material properties in a time efficient manner. In MDSC, the heating rate changes

during the modulation cycle. During a specified modulated heating cycle the heating

rate is at its fastest rate at the maximum, when the modulation is at the minimum the

heating rate is at its slowest rate. This is analogous to conventional DSC where runs at

two different heating rates are used to compare the difference in heat flow to a sample

and calculate specific heat. Marcus and Blaine have stated [2] that de-convolution of the

data collected by MDSC provides many advantages;

(1) separation of the total heat flow component into the components of reversible heat

flow and non-reversible heat flow [2]

(2) direct measurement of the specific heat capacity [2]

(3) increased resolution and sensitivity of subtle and often overlapping transitions [6], [7]

Modulation (sinusoidal oscillation) of the heat rate is superimposed on the linear heating

rate resulting in a combined heating profile seen in figure 1. The isothermal heating

profile used for calibrations and samples analyzed by the isothermal method is shown in

figure 2.

The heat flux model can express heat capacity where equation 1 is the basic equation to

derive Cp [3].
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Cp     = Kcp(Qamp/Tamp)(Modulation Period/2π) Eq. (1)

Where: Cp     = heat capacity (J/g/˚C)

Kcp     = heat capacity calibration constant

Qamp = heat flow amplitude (W/g)

Tamp  = temperature amplitude (˚C)

The enthalpy of a substance increases as its temperature is raised. The relationship

between the increase in enthalpy and the increase in temperature depends on the

conditions that are maintained, such as constant volume or constant pressure [8]. In this

experiment heat capacity measured at constant pressure was used to relate the change in

enthalpy to the change in temperature. The increase in enthalpy can be expressed as the

heat supplied to a sample at constant pressure as,

qp = Cp∆T Eq. (2)

Equation 2 shows us how to measure the heat capacity [8] of a sample, as it is

quantitatively measured while heat is supplied under conditions of constant pressure and

the temperature change is being monitored. Figure 3 is the measured apparent heat

capacity, C.

The measure of thermal conductivity can be carried out using several different

instrumental techniques. The associated heat flow of a material permits the measurement

of transitions that occur with respect to time and temperature. Measurement of kinetic

and thermodynamic processes such as glass transition, melting point, degree of cure,

percent crystallinity, and rate of decomposition are just some of the more common MDSC

measurements [2]. Equation 3 calculates the observed thermal conductivity of the sample

[9].



6

Ko = 
8 2

2

LC

C Md Pp









 Eq. (3)

Where: Ko = observed thermal conductivity (W ˚C-1 m-1)

L  = sample length (mm)

C  = apparent heat capacity (mJ/˚C)

Cp = specific heat capacity (J/g˚C)

M = specimen mass (mg)

d  = specimen diameter (mm)

P  = period of measurement (seconds)

It is the intention of these analysis parameters to analyze Tetryl over a dynamic

temperature range under isothermal and non-isothermal conditions. The analysis

parameters in this work were established to gather both non-isothermal and isothermal

thermal conductivity in a time effective manner.

3. Experimental

Physical heat transport measurements outlined by TA Instruments [3] was used in this

study. Modulated differential scanning calorimetry (MDSC) [10] measures the difference

in the heat flow between a sample and an inert reference measured as a function of time

and temperature (see equation 1). Both the sample and reference are subjected to a

controlled environment of time, temperature, pressure, and atmosphere. The instrument

design used for making MDSC measurements in this work is the heat flux design. TA

Instruments, New Castle, Delaware, Model 2920 [11].
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In this design, a metallic alloy disk, made of constantan, is the primary means of heat

transfer to and from the sample and reference [12]. As heat is transferred through the disc,

area thermocouples formed by the junction of the constantan disc and chromel wafers,

which cover the underside of the platforms, measure the temperature difference and

hence the differential heat flow between the sample and reference. Chromel and alumel

wires attach to the chromel wafers and form thermocouples, which directly measures the

voltage difference between the sample and reference and converts to temperature. The

dynamic sample chamber (furnace) composition is a silver alloy used to insure good

temperature uniformity. Purge gas (nitrogen, helium, oxygen, etc.) is admitted to the

sample chamber through an orifice in the heating block before entering the sample

chamber. The result is a uniform, stable thermal environment, which assures better

baseline flatness and sensitivity (signal-to-noise) [3].

Temperature and heat flow calibrations were carried out as outlined [3] using indium,

lead, tin, and zinc metals along with sapphire standard reference materials. Thermal

conductivity calibration was performed using two polystyrene specimens. The thin

sample weighed approximately 14.90 mg and was approximately 0.5 mm thick with a

diameter of approximately 6.38 mm. The thick sample weighed approximately 117.81 mg

with a length of approximately 3.53 mm and a diameter of approximately 6.38 mm. (The

two sample lengths are used based on the premise that the thin sample obtained

equilibrium and the thick sample did not reach equilibrium.) The specific heat capacity Cp,

apparent heat capacity C, and the thermal conductivities Ko were obtained using standard

MDSC procedures [3] and ASTM E 1952-98 [13].
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Two Tetryl sample masses were needed: one of approximately 15-20 mg and the other of

approximately 250 mg. All samples were pressed using a cold steel die of approximately

6.4 mm in diameter. A maximum press pressure of 30,000 pounds per square inch, psi,

was used for all samples.

Isothermal and non-isothermal analysis conditions were defined prior to all calibrations

and analyses to optimize measurements and to minimize thermal lag [10].  For sapphire,

the temperature range used was approximately -40˚C to 220˚C, for polystyrene and Tetryl

the temperature range used was approximately –40˚C to 80˚C.

Isothermal measurements were carried out over a temperature range of approximately

–23˚C to 77˚C. Analysis data was collected by cooling the sample, with a TA refrigerated

cooling unit, RCA, to a sub ambient temperature of –23˚C. Once the temperature was

achieved the computer program held the temperature isothermally 20 minutes. After each

20-minute isotherm the temperature was increased at 3˚C per minute, stepping in

intervals of 10˚C at a time until a maximum temperature of 77˚C was reached. A

modulated temperature program with modulation amplitude of ± 0.5˚C over a 100 second

period was maintained throughout (see figure 2).

Non-isothermal measurements were carried over a temperature range of approximately

–40˚C to 80˚C using a linear heating ramp rate of 3˚C per minute, with a modulation

amplitude of ± 0.5˚C over a 100 second period (see figure 1).

In this study, the thermal conductivity of Tetryl was evaluated at –3˚C, 17˚C and 47˚C

under isothermal and non-isothermal conditions. These temperatures were chosen to
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represent the dynamic temperature range of this experiment. (See appendix A for non-

isothermal and isothermal sample masses and dimensions.)

4. Results

Tables 1 and 2 compare non-isothermal and isothermal polystyrene values obtained by

MDSC with literature values. The % variation values show the accuracy and the precision

of these thermal conductivity measurements. The results shown in table 1 have a bias of

approximately 0.05-0.06 (W˚C-1 m-1) between the observed values and the literature values

while the precision about these measurements shows an average variation of

approximately 34.7% and a standard deviation of the % variation of approximately 1.2%

by comparison.

Table 1 compares the non-isothermal thermal conductivity of polystyrene without

corrections. The precision is distinguishably better for the non-isothermal method when

compared to the isothermal method. On the other hand, the accuracy is distinguishably

worse than the isothermal method (see tables 1 and 2).

Table 2 compares the isothermal thermal conductivity of polystyrene without corrections.

The accuracy is distinguishably better for the isothermal method, and the precision is

distinguishably worse than the non-isothermal method (see tables 1 and 2).

The samples dimensional configuration is thought to be a source of thermal energy loss

via the surface area not in intimate contact with the thermocouple. The % variation seen in

table 1 between the thermal conductivities measured and literature values may be a result

of poor sample thermal interface (i.e. silicon oil) and the effects of poor heat transfer of the
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carrier gas. Marcus [2] and associates believe that for very low conductivities such as

polystyrene and materials in this category, the thermal conductivity of the nitrogen purge

gas surrounding the sample influences thermal transport.

In theory, the effect of the purge gas can be reduced or even eliminated by encapsulating

the sample specimen in such a way that thermal transport takes place only at the

thermocouple interface, thus reducing discrepancies due to sample shape and purge gas

thermal transport. The use other inert gases such as argon, krypton, or xenon (0.018, 0.010,

and 0.0058 W˚C-1 m-1) [14] that have low thermal conductivities may improve thermal

conductivity measurements.

In an effort to insure intimate contact between sample and thermocouple, silicon oil is

applied to each thermocouple and sample at their contact points. It is assumed that this

silicon oil will transport heat and is used in the measure of apparent heat C (mJ/˚C). It is

assumed that because calibration requires this application that the effects of the silicon oil

are trivial proves to be false. The solubility of a material (not shown in this work) with the

silicon oil may have a direct effect on the observed analysis [15]. Tetryl samples were

observed to look dark and wetted at the thermocouple sample interface, where the

silicone oil was applied, this was not observed in the polystyrene samples. For this

experiment the assumption that the silicon oil was constant for the calibrations and

samples is at best a poor assumption.

In principle the loss of heat through the sides and the top of all samples are accounted for

with the calibration constant D which is used for thermal conductivity [2]. Equation 6
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calculates the D-cell calibration constant for the sample to correct for heat loss due to

sample configuration [9].

D = K K Ko r r*
.( ) −0 5

Eq. (4)

Where: Ko = uncorrected thermal conductivity

Kr = reference thermal conductivity

The D cell constant is typically within the range of 0.02 – 0.05 W ˚C-1 m-1. The D cell

constant value may then be substituted into equation 5 to obtain the unknown material

thermal conductivity. Equation 5 was used to calculate the corrected value for thermal

conductivity [9].

K= [ ( ) ]/.K D K DKo o o− + −2 4 22 0 5 Eq. (5)

Tables 1 and 2 show the uncorrected thermal conductivities and the accuracy and

precision of this measurement. The accuracy of the isothermal method proves better by a

significant factor, while the precision of the non-isothermal method was significantly

better than the isothermal method, when compared within themselves.

Tetryl was analyzed by both isothermal and non-isothermal methods. Listed in table 3 are

the observed non-isothermal and isothermal corrected values of Tetryl compared to

literature values.

Literature values for thermal conductivities of Tetryl span a range of 0.084-0.286 (W ˚C-1

m-1). This variation may be the result of many factors such as density, purity, and analysis
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method to name a few. Table 4 is a comparison of the experimentally observed thermal

conductivities of Tetryl and a range of literature thermal conductivity values

[14,16,17,18,19]. Measured thermal conductivities by both non-isothermal and isothermal

methods values fall approximately in the middle of the cited literature values. Thus the

comparison of non-isothermal versus isothermal values described here appears to provide

accuracy and precision at least equivalent to other reported works that measure insulator

type materials without the expense for a specialized apparatus.

The purpose of this work was to lay a path for more works of this type. In the comparison

of non-isothermal analysis versus isothermal analysis the isothermal analysis reported

higher thermal conductivities. Heat is usually lost in experiments and measured values

are typically lower than the true value, therefore the higher the measured value the better

the measurement method.

(See appendix B and C for the observed corresponding non-isothermal and isothermal

specific heat capacity and apparent heat capacity measurements for this experiment.)
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Table 1

Comparison of non-isothermal thermal conductivities of polystyrene (W ˚C-1 m-1) without

correction

temperature, ˚C Ko, W ˚C-1 m-1 literature value, W ˚C-1 m-1 % variation

-3 0.2012 0.1499 34.2

17 0.2039 0.1523 33.9

47 0.2121 0.1558 36.1

Table 2

Comparison of isothermal thermal conductivities of polystyrene (W ˚C-1 m-1) without

correction

temperature, ˚C Ko, W ˚C-1 m-1 literature value, W ˚C-1 m-1 % variation

-3 0.1696 0.1499 13.1

17 0.1646 0.1523 8.1

47 0.1593 0.1558 2.2
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Table 3

Comparison of corrected Tetryl thermal conductivities (W ˚C-1 m-1)

temperature,˚C K, W ˚C-1 m-1, non-isothermal K, W ˚C-1 m-1, isothermal % variation

-3 0.171 0.186 8.2

17 0.165 0.186 13.8

47 0.154 0.189 18.6

Table 4

Comparison of corrected Tetryl thermal conductivities (W ˚C-1 m-1) at 17˚C and reported

literature values (W ˚C-1 m-1)

material experimental literature [14,16,17,18,19]

Tetryl (non-isothermal) 0.165 0.084-0.286

Tetryl (isothermal) 0.186 0.084-0.286
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Caption of figures

Figure 1: MDSC non-isothermal heating profile of sapphire:

Abscissa represents temperature, ˚C

Left ordinate represents modulated temperature, ˚C

Right ordinate represents the derivative of the modulated temperature ˚C/˚C

Figure 2: MDSC isothermal heating profile of polystyrene:

Abscissa represents time in minutes

Left ordinate represents modulated temperature, ˚C

Right ordinate represents the derivative of the modulated temperature

˚C/minutes

Figure 3: MDSC isothermal heating profile of polystyrene:

Abscissa represents time in minutes

Left ordinate represents heat flow, W/g

Right ordinate (blue) represents the modulated temperature ˚C

Right ordinate (maroon) represents the apparent heat capacity, mJ/˚C
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Figure 1

Figure 2

Figure 3
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Appendices

Appendix A

Masses, lengths and diameters of non-isothermal and isothermal Tetryl samples.

sample mass, mg length, mm diameter, mm

thin (non-isothermal) 19.8 0.4 0.4

thick  (non-isothermal) 249.3 4.6 6.3

thin (isothermal) 19.4 0.4 0.4

thick (isothermal) 248.9 4.6 6.3

Appendix B

Observed non-isothermal and isothermal specific heat capacity of Tetryl, J/g˚C.

temperature, ˚C Cp (non-isothermal) J/g˚C Cp (isothermal) J/g˚C

-3 0.812 0.80

17 0.863 0.844

47 0.939 0.910

Appendix C

Observed non-isothermal and isothermal apparent heat capacity of Tetryl, mJ/˚C.

temperature, ˚C C (non-isothermal) mJ/˚C C (isothermal) mJ/˚C

-3 69.40 66.32

17 70.76 66.98

47 72.79 68.53




